We have used an impermeant bis-mannose compound {2-N-[4-(l-azi-2,2,2-trifluoroethyl)benzoyl]-1,3-bis-(D-mannos-4-yloxy)-2-propylamine; ATB-BMPA} to photolabel the glucose transporter isoforms GLUT4 and GLUT1 that are present in rat adipose cells. Plasma-membrane fractions and light-microsome membrane fractions were both labelled by ATB-BMPA. The labelling of GLUT4 in the plasma membrane fraction from insulin-treated cells was -3-fold higher than that of basal cells and corresponded with a decrease in the labelling of the light-microsome fraction. In contrast with this, the cell-surface labelling of GLUT4 from insulin-treated intact adipose cells was increased -15-fold above basal levels. In these adipose cell preparations, insulin stimulated glucose transport activity -30-fold. Thus the cell-surface labelling, but not the labelling of membrane fractions, closely corresponded with the stimulation of transport. The remaining discrepancy may be due to an approx. 2-fold activation of GLUT4 intrinsic transport activity. We have studied the kinetics of trafficking of transporters and found the following. (1) Lowering the temperature to 18°C increased basal glucose transport and levels of cell-surface glucose transporters by -3-fold. This net increase in transporters probably occurs because the process of recruitment of transporters is less temperature-sensitive than the process involved in internalization of cell-surface transporters. (2) The time course for insulin stimulation of glucose transport activity occurred with a slight lag period of 47 s and a ti of 3.2 min. The time course of GLUT4 and GLUT1 appearance at the cell surface showed no lag and a tL of -2.3 min for both isoforms. Thus at early times after insulin stimulation there was a discrepancy between transporter abundance and transport activity. The lag period in the stimulation of transport activity may represent the time required for the -2-fold stimulation of transporter intrinsic activity. (3) The decrease in transport activity after insulin removal occurred with a very high activation energy of 159 kJ mol-V. There was thus no significant decrease in transport or loss of cell-surface transporters over 60 min at 18 'C. The decrease in transport activity occurred with a t1 of 9-11 min at 37 'C. Using the ATB-BMPA photolabel to monitor remaining cell-surface transporters, we have shown that the loss of GLUT4 and GLUTI occurred with tL values of -12 min. Thus the decrease in transport activity corresponds with the decrease in cell-surface transporters.
INTRODUCTION
The cloning and sequencing of the GLUT1 glucose transporter isoform described by Mueckler et al. [1] in 1985 has been rapidly followed by the discovery of structurally related isoforms (GLUTI-GLUT5) [2] . Of particular interest in relation to stimulation of glucose transport by insulin in adipose cells is the GLUT4 isoform, which is present only in insulin-sensitive tissues such as adipose, heart and muscle tissue. This isoform has been cloned and sequenced [3] [4] [5] [6] . An increase in GLUT4 mRNA and protein has been shown to be associated with the differentiation of the adipocyte phenotype [7] . It is the concentration of this novel glucose transporter in adipose cells which is lowered in streptozotocin-induced diabetes [8, 9] . Both the mRNA and the intracellular pool of this glucose transporter are strikingly lowered, whereas the level of the GLUT 1 transporter is unchanged. The We have recently shown that cell-surface labelling with the bismannose photolabel 2-N-[4-(l-azi-2,2,2-trifluoroethyl)benzoyl]-1,3-bis-(D-mannos-4-yloxy)-2-propylamine (ATB-BMPA) can provide quantitative information on the abundance of glucose transporter isoforms at the plasma membrane [10] [11] [12] . The technique allows a demonstration of the recruitment phenomenon without the need for subcellular fractionation. Using this technique we have recently shown that insulin results in an approx. 15 -fold increase in cell-surface GLUT4 and an -4-fold increase in cell-surface GLUTI both in rat adipocytes [11] and in 3T3-L1 cells [12] . Thus we have now extended these studies on cell-surface labelling in order to examine the kinetics of the translocation of these glucose transporter isoforms. We have combined the use of the photolabel with the use of KCN treatment to arrest the translocation process [13] [14] [15] . Discrepancies between transport stimulation and transporter translocation have been proposed to be due to intrinsic activation of transporters [16] [17] [18] [19] . The transport stimulation due to intrinsic activation is however shown here to be small when compared with the observed large changes in GLUT4 and GLUTI transporter recruitment.
MATERIALS AND METHODS

Materials
Phloretin and fraction V BSA (which was extensively dialysed and filtered) were from Sigma. Collagenase was from Worthington. Insulin was from Novo. ATB-[2-3H]BMPA (10 Ci/mmol) was prepared as described by Clark & Holman [10] .
Glucose transport measurements
The rate constant for the uptake of 50 4M-3-O-methyl-Dglucose was determined at 37°C as previously described [20] .
Insulin binding and dissociation measurements
Isolated adipocytes were incubated with 1 nM-251-insulin at 37°C for 30 min in an albumin/Hepes buffer (140 mM-NaCl, 4.7 mM-KCl, 1.25 mM-Mg2SO4, 2.5 mM-CaCl2, 2.5 mMNaH2PO4, 10 mM-Hepes and 1 % BSA, pH 7.4) containing 0.05 % bacitracin. In the dissociation experiments the adipose cells were rapidly washed three times in albumin/Hepes buffer at -12 'C. There was no detectable dissociation of insulin during this rapid washing. The non-specific cell-associated insulin was determined in the presence of 5 M-insulin and found to be less than 5 % of the total bound insulin. All results were corrected for this non-specific binding. The cytocrit of the adipocyte suspensions was adjusted to 40 %, and 100 ,1 samples were transferred to 18-20 'C or 37 'C to initiate dissociation. At the indicated times 9 ml of albumin/Hepes buffer at 18 'C was added. The cells were isolated and the cell-associated radioactivity was determined. The addition of20 % trichloroacetic acid showed that 65 % of the dissociated radioactivity at both 18 'C and at 37 'C was soluble.
Photolabelling of glucose transporters in rat adipose cells Rat adipose cells were obtained from 170-190 g male Wistar rats as previously described [20] . Cells were suspended at a 40 % cytocrit in 1 % BSA/Hepes buffer at 37 'C. Following stimulation with insulin (1-10 nm as specified), 1 ml samples of cells were added to 333-500 ,Ci (as specified in the Figure legends) of ATB-[3H]BMPA in Hepes buffer without albumin in 35 mmdiam. polystyrene dishes and irradiated for I min in a Rayonet photochemical reactor using lamps emitting radiation of 300 nm. In some experiments, transport stimulation by insulin was arrested at the specified times by the addition of KCN (2 mM final concentration). Following irradiation, the cells were washed into polystyrene centrifuge tubes with 8 ml of albumin/Hepes buffer at 18 'C. The cells were rapidly washed three times in this buffer. In some experiments, crude plasma membrane samples were isolated from cells as described [11] . For direct immunoprecipitation experiments, cells were solubilized by vortex-mixing with 1.2 ml of detergent buffer containing 2% nonaethyleneglycol dodecyl ether (C12E,) with proteinase inhibitors (5 mM-EDTA, plus antipain, aprotinin, leupeptin and pepstatin A, each at 1 ,tg/ml) in 5 mM-phosphate at pH 7.2. Photolabelling of glucose transporters in membrane fractions isolated from rat adipose cells Plasma membranes and light microsomes were isolated from control and insulin-treated (10 nM) rat adipose cells and suspended at 1 mg/ml in Tris/EDTA/sucrose buffer (10 mmTris/HCI, 0.5 mM-EDTA, 255 mM-sucrose, pH 7.2) as described [21] . Samples of 200 ,tg were photolabelled with 200 ,uCi of ATB-BMPA by irradiating for 45 s. After irradiation, the samples were solubilized in 1 ml of C12E9 detergent buffer.
Immunoprecipitation of photolabelied glucose transporters
Rabbit antisera against the GLUT1 and GLUT4 glucose transporters were prepared using synthetic C-terminal peptides CEELFHPLGADSQV and CGSTELEYLGPDEND respectively, as previously described [10, 11] . In most cases, 10-20 ,ug of the position of the prestained standards and were sliced. The slices (in scintillation vials) were dried at 80°C for 2-3 h and then dissolved in 0.5 ml of H202 [containing 2% (v/v) NH40H] at 80°C for a further 2 h. Scintillant was added and the radioactivity was counted. The positions of the photolabelled peaks were compared with the positions of molecular mass markers (Sigma) in adjacent lanes. The levels of radioactivity associated with each peak were obtained by summing the radioactivity in all slices comprising the peak and subtracting a background radioactivity which was based onI the average radioactivity of the slices on either side of the peak. Cytochalasin B inhibition of the labelling of transporters recovered in the immunoprecipitates from basal cells was greater than 80% and in the cytochalasin B-treated condition there was no significant labelling above the background estimated as described above.
RESULTS
Labelling of subcellular membrane fractions Table 1 shows the labelling of GLUT4 with ATB-BMPA in isolated plasma membranes and in low-density microsomal membranes. The labelling of isolated light-microsome fractions from basal cells was greater than the labelling of the light microsome fraction from insulin-treated cells. ATB-BMPA labelling of the plasma-membrane fraction from basal cells was -3-fold less than that observed in the plasma-membrane fraction of insulin-treated cells. This relatively small change is likely to be a consequence of a contamination of the plasma-membrane fraction by light microsomes. The proportion of labelling of the plasma-membrane fraction from basal cells was only -10 % of the sum of the labelling obtained in both fractions. The sum of the labelling in the plasma-membrane and the light-microsome fractions was equal for insulin-treated and basal cells.
Cell-surface labelling and the use of KCN and low-temperature buffer to arrest glucose transporter cycling As shown previously [11] , insulin treatment increases the availability of cell-surface glucose transporters which can be labelled by the impermeant bis-mannose compound ATB-BMPA. Fig. 1 shows that the labelled glucose transporters ran as a peak at 50 kDa (45-60 kDa) on polyacrylamide-gel electrophoresis which is clearly distinguishable from a non-specifically labelled 70 kDa peak. Insulin increased the labelling in the 50 kDa region of the gel by -7-fold compared with basal cells. Addition of 2 mM-KCN 2 min before the addition of insulin lowered this cellsurface labelling to near-basal levels. Fig. 2 shows that the cell-surface labelling of glucose transporters was reversed to near-basal levels by washing insulintreated cells in an insulin-free buffer for 40 min. Fig. 3 shows that KCN addition after insulin treatment did not alter the cell-surface availability of the GLUT4 glucose transporters. Additional data showed that GLUT1 labelling was unaltered by this treatment. Since transporter recruitment was blocked when the KCN treatment was carried out before insulin addition, this experiment shows that additional glucose transporters were not recruited to the cell surface during the 1 min photolabelling procedure. Further evidence that recycling of glucose transporters in insulin-treated cells and in basal cells must be slower than the time required for photolabelling is the observation that the light-microsome pools of transporters were not labelled during the 1 min photolabelling period. If turnover was significant during this period, then a large proportion of transporters would be labelled at the plasma membrane and would return to the light-microsome pool. In the present study, we found that the light-microsome fraction from intact basal cells contained no ATB-BMPA-labelled glucose transporter peak, whereas the light-microsome fraction from insulin-treated cells showed an ATB-BMPA photolabelled glucose transporter peak which was only 4% of that obtained in the plasmamembrane fraction. Similar results were obtained with the impermeant benzophenone-bis-hexose photolabel [21] Using the above procedure, we have compared the ATB-BMPA cell-surface labelling of glucose transporters obtained after stimulation at 18°C and 37°C (Fig. 4) . The ATB-BMPA labelling of GLUT4 and GLUTI in basal cells maintained at 18°C was -1.5-fold and -3.9-fold higher respectively than in cells maintained at 37°C (from three experiments). Cells maintained at 18°C also showed an -4-fold elevation of basal transport activity. Tlhe insulin stimulation of the labelling of both isoforms and the inaximal stimulation of glucose transport activity were only slightly decreased (by -20 %) by lowering the temperature to 18 "C. At 18 'C the labelling of GLUT4 in insulin-treated cells was 7.4-fold higher than that in basal cells, whereas the GLUT4 labelling at 37 'C was 14.8-fold higher than in basal cells (from three experiments). In these experiments the increases in GLUTI labelling above basal levels were 2.8-fold at 18 'C and 10.7-fold at 37 OC. G LUT4 Fig. 4 (Figs. 5a andSb) . However, the time course for stimulation was not consistent with a single rate constant for activation. Instead, the log plot of these data (Fig. Sb) Loss of glucose transporters from the cell surface following insulin removal Fig. 6(a) shows the return of 3-O-methyl-D-glucose transport activity to basal levels when insulin was removed. This inactivation was very sensitive to lowering of the temperature, and the process was completely inhibited at 18-20 'C. The half-times for loss of transport activity increased sharply from -9 min at 37 'C to -15 min at 34 'C, -30 min at 30 'C and -100 min at 26 'C, with no detectable loss of transport activity at 18-20 'C. The activation energy calculated from these data was very high (159 kJ -mol-1). At 37 'C the decrease in cell-associated insulin paralleled the transport inactivation (Fig. 6b) . At [18] [19] [20] 'C, cellassociated insulin decreased more slowly and the receptors remained partially occupied even after 40 min at this temperature.
Using the ATB-BMPA photolabel, we have also examined the time course for loss of cell-surface GLUT1 and GLUT4 after insulin removal and have compared this with the time course for the decrease in transport activity at 37 'C. Fig. 6(c) shows that the decrease in the availability of both cell-surface GLUT4 and GLUT1 followed the decrease in 3-O-methyl-D-glucose transport activity. The decrease in transport activity occurred with a t. of 10.9 + 1.4 min (from three experiments), whereas the loss of cellsurface GLUT4 occurred with a ti of 12.3 + 3.0 min (from three experiments) and the decrease in GLUTI occurred with a tL of 1 1.7 + 2.7 min (from two experiments).
DISCUSSION
In rat adipose cells, the large stimulation by insulin of glucose transport has been shown to involve translocation of transporters from an intracellular pool to the plasma membrane [24] [25] [26] . Using the bis-mannose photolabel ATB-BMPA, we have shown a good correlation between stimulation of transport by insulin or the phorbol ester phorbol 12-myristate 13-acetate and the translocation of the GLUT4 isoform [11] . In that study and the present study we observed 15-20-fold stimulation of translocation by insulin. The small amount of cell-surface labelled glucose transporters in basal cells is not due to an inability of transporters in the light-microsome pool to react with the label, since we have shown here that when transporters in a lightmicrosome fraction of membranes have access to the photolabel then photoincorporation of the probe occurs. This demonstrates that the low cell-surface labelling of GLUT4 in basal cells is a consequence of the inaccessibility of the transporter due to its sequestration inside the cell. The experiments in which we have labelled the GLUT4 transporter in membrane fractions also provide a demonstration of the difficulties involved in quantifying the extent to which transporter translocation occurs by examining [27, 28] that reagents such as KCN and dinitrophenol, which lower cellular ATP, block the stimulation of glucose transport by insulin. We have shown here that KCN also blocked the appearance of glucose transporters at the cell surface. If an intrinsic activation of glucose transport is part of the stimulatory mechanism, then this result rules out the possibility that the involvement of ATP is only at the intrinsic activation step. If this were the case, then surface labelling would not have been blocked by KCN treatment. However, we cannot distinguish between the possibility of ATP involvement at just the translocation step and an alternative in which ATP is required at both the translocation and the intrinsic activation steps.
Surprisingly, the reversal of the insulin effect on glucose transport was not completely blocked by KCN treatment at 37°C, and at 40 min approximately half of the transporters were lost from the cell surface even in the continuous presence of KCN. Thus the activation of glucose transport by insulin appears to be more sensitive to ATP depletion than the inactivation process.
We have confirmed earlier studies [28, 29] that showed that activation of transport occurs more slowly at 18°C but reaches a final level of stimulated activity that is only slightly less than that which occurs at 37°C, and that the basal transport activity rises -4-fold on transfer of adipose cells to 18 'C. In addition, we have observed that the availability of cell-surface transporters that were cell-surface-photolabelled increased markedly on transfer to 18°C. This increase in translocation and the associated increase in glucose transport activity probably occurs because internalization of transporters (see below) is more sensitive than the exocytotic stimulatory process to a lowering of temperature.
The observed slight lag period in the time course for activation of glucose transport was similar to the lag period for activation reported by others [30, 31] . However, there was no significant lag period in the appearance of cell-surface GLUT4 or GLUTI. Both of these transporters appeared at the cell surface with a t2 of -2.3 min at 37 'C. This is consistent with the observations of Karnieli et al. [32] , who have shown that the appearance of cytochalasin B-binding sites in plasma-membrane fractions isolated from insulin-treated adipose cells preceded transport stimulation. In addition, Gibbs et al. [33] showed that the arrival of GLUT1 at the surface of 3T3-L1 cells preceded the stimulation of transport. These experiments appear to provide evidence for a two-step process in the complete activation of glucose transport. However, it seems unlikely that in the basal state all of the glucose transporters are inactive, since the glucose transporters in the light microsomes can be reconstituted into phospholipid vesicles, where they show glucose transport activity [25] . In addition, the discrepancy between GLUT4 transporter abundance and the transport rate is only 1.5-2-fold in the basal state and in PMA-treated cells [11] and (as shown here) at short times after insulin addition to the adipose cells. Thus only a small proportion of the plasma membrane transporters is likely to have low intrinsic transport activity, and it may be these transporters that require a subsequent covalent or structural activation by insulin. Alternatively, a small proportion of the plasma membrane pool of transporters may be occluded from participating in the transport process and may require an additional insulindependent movement to a location where these transporters are operative [17] .
The inactivation of glucose transport and the loss of cellsurface-available transporters was very sensitive to temperature and was markedly decreased by lowering the temperature to 18 that it is unlikely that the maintenance of a residual stimulation by insulin could account for the maintenance of full glucose transport activity. However, partial occupancy of the insulin receptors may be sufficient to maintain the full stimulatory effect [34] . Others who have examined the relationship between dissociation of insulin and the maintenance of the stimulation of transport have shown that dissociation and inactivation occur in parallel [35] or have shown (as we have) that transport activity persists under conditions in which insulin dissociates from its receptor [14, 36] . The time course for return of stimulated transport activity to basal levels at 37°C and the time course for the loss of cell-surface GLUT4 and GLUTI were similar, with ti values of approx. 10-12 min. The change in glucose transporters in the plasma membrane due to insulin stimulation was - 15- fold and 5-fold for GLUT4 and GLUTI respectively. The difference in stimulation ratio (-3-fold) may occur because GLUT4 has a greater tendency to be located intracellularly in the basal state [12] . A relatively fast endocytosis and/or a slow exocytosis of GLUT4 compared with GLUTI in the basal state could account for this distribution. Our measurements of the transporter internalization rates following insulin removal indicate that the difference in the stimulation ratio is probably not due to the faster endocytosis of GLUT4, and it therefore seems that the exocytosis of GLUT4 may be slower than that of GLUTI in the basal state.
The impermeant photolabel ATB-BMPA will be useful in the further investigation of translocation kinetics, since it will be possible to directly measure transporter recycling to the light microsomes. In addition, it will be possible to investigate effects of mediators and inhibitors on translocation kinetics.
